Influenza A virus (IAV) is an RNA virus with a segmented genome. These viral properties allow for the rapid evolution of IAV under selective pressure, due to mutation occurring from error-prone replication and the exchange of gene segments within a co-infected cell, termed reassortment. Both mutation and reassortment give rise to genetic diversity, but constraints shape their impact on viral evolution: just as most mutations are deleterious, most reassortment events result in genetic incompatibilities. The phenomenon of segment mismatch encompasses both RNA-and protein-based incompatibilities between co-infecting viruses and results in the production of progeny viruses with fitness defects. Segment mismatch is an important determining factor of the outcomes of mixed IAV infections and has been addressed in multiple risk assessment studies undertaken to date. However, due to the complexity of genetic interactions among the eight viral gene segments, our understanding of segment mismatch and its underlying mechanisms remain incomplete. Here, we summarize current knowledge regarding segment mismatch and discuss the implications of this phenomenon for IAV reassortment and diversity.
INTRODUCTION
Influenza A virus (IAV) is an enveloped, negative-sense, single-stranded RNA virus with eight gene segments [1] . The segmented nature of the IAV genome allows the exchange of gene segments between viruses that co-infect the same cell, which can result in the formation of progeny viruses that are genetically distinct from both parental viruses. This process of genetic exchange is termed reassortment. Reassortment has a major impact on IAV evolution and therefore plays a substantial role in the ecology and epidemiology of IAV.
The principal reservoir of IAV resides in aquatic birds, although IAV can infect a diverse range of hosts, including humans, poultry, swine, horses and other mammals. IAV is grouped into distinct subtypes according to the antigenicity of two of its surface glycoproteins, haemagglutinin (HA) and neuraminidase (NA), of which there are currently 18 known HA subtypes and 11 known NA subtypes. Viruses of the H17N10 and H18N11 subtypes are confined to bats, while viruses of the remaining HA and NA subtypes circulate in wild birds [2] [3] [4] [5] .
In humans, IAV causes both epidemics and pandemics. IAV epidemics occur yearly during the winter months in both the northern and southern hemisphere. Reassortment among co-circulating seasonal IAV strains has been detected repeatedly and found to give rise to epidemiologically important strains [6] [7] [8] [9] [10] . Despite the evolutionary success of certain reassortant genotypes, however, comprehensive investigation of the fate of intra-subtype reassortants derived from the human H3N2 lineage revealed that reassortment is usually deleterious, resulting in negative selection of reassortant progeny [11] . This finding highlights the importance of segment mismatch in the evolution of seasonal IAV and indicates that inter-segment epistasis often functionally constrains reassortment even when coinfecting viruses are closely related.
Pandemics arise when an IAV strain acquires both antigenic novelty and the ability to spread efficiently through a human population. In the past century, there have been four IAV pandemics [12] [13] [14] [15] . The origins of the 1918 H1N1 pandemic strain and the contribution of reassortment to its emergence remain under debate [16] [17] [18] . In 1957, the PB1, HA and NA genes from an avian H2N2 virus entered the human H1N1 background to form the H2N2 pandemic strain of that year. In 1968, the PB1 and HA genes from an avian H3 virus entered the human H2N2 background to form the 1968 H3N2 subtype pandemic strain [19] . A notable feature of both the 1957 and the 1968 pandemic strains is the transmission of an avian PB1 gene to humans, accompanying its cognate HA [20] . Lastly, extensive reassortment in swine brought together genes from avian, swine and human IAV lineages to produce the 2009 pandemic strain [21] [22] [23] .
In addition to epidemics and pandemics, over the past 20 years, multiple zoonotic IAV outbreaks have occurred when viruses capable of causing severe disease in humans emerged from birds [24] [25] [26] [27] [28] [29] . According to the World Health Organization (WHO), from 2003 to September 2017 there have been 860 human cases of H5N1 virus infection reported from 16 countries, with 454 of these cases resulting in death [30] . Furthermore, as of September 2017, 1564 laboratory-confirmed human cases of H7N9 virus infection have been reported in China, including at least 612 deaths [31] . The H5N1 and H7N9 subtype viruses causing these zoonotic outbreaks arose through reassortment of multiple avian-adapted IAVs, including strains circulating in both wild and domestic birds [32] [33] [34] . Interestingly, both the H5N1 and H7N9 zoonotic lineages derive their six 'internal gene' (non-HA, non-NA) segments from an H9N2 subtype lineage that circulates widely in the poultry of Southeast Asia. This internal gene cassette appears to be conducive to reassortment that pairs it with multiple different HA/NA subtypes [32, 33, [35] [36] [37] . In addition to the ongoing H5N1 and H7N9 IAV outbreaks, avian influenza viruses of other subtypes, such as H5N6, H9N2, H10N8 and H6N1, have sporadically caused disease in humans in China and Taiwan [37] [38] [39] [40] .
There is concern regarding the potential for viruses of these zoonotic subtypes to cause the next influenza pandemic. While the human population has little immunity against these avian IAVs, these viruses to date have not acquired effective human-to-human transmission, a key feature of a pandemic strain. Reassortment of zoonotic and human seasonal IAVs can facilitate the formation of a virus with both antigenic novelty and the ability to successfully transmit in humans. However, the fitness of reassortant progeny derived from divergent IAV strains is often limited by incompatibilities occurring at the RNA or protein level [41, 42] . Indeed, segment mismatch may be a major underlying reason that reassortment events involving H5N1 or H7N9 IAVs and seasonal human strains have not been detected to date.
As summarized above, IAVs are genetically diverse and circulate within a diverse range of host species. Under these conditions, reassortment can result in rapid viral evolution, potentially contributing to epidemics, pandemics and crossspecies transfers of the virus. In this review, we will explore reassortment, the constraints imposed on reassortment by segment mismatch, and the implications of segment mismatch for IAV evolution.
MUTATION AND REASSORTMENT IN IAV EVOLUTION
Fixation of changes in the viral genome requires that a virus population is genetically diverse and that it is subject to either a stochastic bottleneck or a selective pressure. For IAV, two distinct mechanisms give rise to genetic variation: mutation and reassortment. The diversity of genotypes generated through these two processes is the raw material on which selection acts. IAV evolution in humans is driven in large part by antibody-mediated selection and takes two forms: (i) antigenic drift, which is characterized by small changes and is a major feature of seasonal IAV, and (ii) antigenic shift, which is characterized by large changes and is a major feature of pandemic IAV. Drivers of IAV evolution in non-human hosts are less well characterized than in humans, and pressures unrelated to immunity, as well as stochastic processes, may play a larger role in these contexts.
Antigenic drift
Like all RNA viruses, IAVs are constantly mutating. These mutations are the result of the absence of proofreading capability of the viral RNA-dependent RNA polymerase. IAV polymerase error translates into approximately two mutations per replicated genome [43] . The fixation of mutations that change the antigenicity of IAVs encompasses antigenic drift. Antibodies directed against the HA glycoprotein can neutralize the virus by blocking viral attachment to and/or fusion with the host cell [44] [45] [46] [47] . These anti-HA antibodies therefore drive antigenic drift of the virus towards antibody escape. Antigenic drift, in turn, has a major impact on the efficacy of vaccination; the mutations that the virus acquires over time lead to vaccine escape, therefore necessitating periodic reformulation of the vaccine in order to match the currently circulating strains [48] [49] [50] .
In addition to mutation, reassortment can also contribute to antigenic drift [9] . Since multiple sub-clades of seasonal H3N2 or H1N1 viruses co-circulate, there is the potential for reassortment between viruses of closely related lineages. Such intra-subtype reassortment events increase genomic diversity and contribute to the evolution and epidemiology of seasonal influenza [6, 7, 51, 52] . Most notably, reassortment within H1N1 or H3N2 subtypes can place a drifted HA onto a more fit background, which can give rise to unusually severe epidemics, as seen in 1946-1947 and 2003-2004 [6, 51] . Reassortment within IAV subtypes can also affect sensitivity to antiviral drugs. The global spread of adamantane-resistant IAVs was mapped to an H3N2 lineage that arose from an intra-subtype reassortment event [53, 54] .
IAVs of the H1N1 and H3N2 subtypes have been co-circulating in humans since 1977 [55] . Their reassortment is detected only sporadically, however, and sustained transmission of a human H1N1/H3N2 reassortant virus has occurred only in one instance. Namely, in 2001, reassortant H1N2 viruses were detected in humans in the UK [56] . During the 2001-2002 season, H1N2 viruses were identified in 41 countries on four continents, causing various outbreaks across the globe and predominating over H3N2 and H1N1 viruses in several countries [56] [57] [58] [59] . However, in subsequent seasons, these reassortant H1N2 viruses failed to White and Lowen, Journal of General Virology 2018; 99:3-16 predominate. In addition to this outbreak, co-infection and reassortment between human H1N1 and H3N2 lineages were occasionally detected in humans prior to 2009 and, since the 2009 H1N1 pandemic strain (pH1N1) replaced the H1N1 seasonal lineage, a handful of additional co-infection and reassortment events between these two subtypes have been reported [60] [61] [62] [63] [64] [65] [66] [67] [68] . Despite apparently ample opportunity for inter-subtype reassortment among human IAV lineages, the relatively low frequency with which reassortant viruses achieve sustained circulation suggests that evolutionary constraints lead to their negative selection. Indeed, analysis of reassortment between seasonal H3N2 and pH1N1 viruses in the laboratory supports this conclusion [69, 70] .
Antigenic shift
Antigenic shift involves a large change in the antigenicity of influenza viruses circulating in the human population, and can result from introduction into humans of an IAV that circulates in non-human hosts, or introduction of the HA segment of a non-human IAV into a seasonal IAV background through reassortment [4, 5] . As noted above, reassortment between human and avian IAVs led to the formation of the 1957 and 1968 pandemic strains [20] . Reassortment was also critical in the emergence of the 2009 pandemic strain. In contrast to the 1957 and 1968 pandemics, however, this reassortment did not directly involve currently circulating human IAVs. In the years prior to 2009, reassortment brought together gene segments from two distinct swine IAV gene pools, that of the Eurasian avian-like and the North American triple-reassortant swine lineages. The triple-reassortant lineage, in turn, incorporated viral genes of human, avian and classical swine IAV origin. Thus, although the 2009 pandemic was caused by an intact swine IAV, the emergence of this swine virus resulted from extensive reassortment in pigs [21, 22, 71] . Owing to a lack of IAV isolates in the years prior to 1918, the origins of the 1918 pandemic strain remain relatively unclear. Following sequencing of the reconstructed genome of the 1918 virus, it was suggested to have been introduced into humans in toto from an avian reservoir [17] . A more recent analysis suggests, however, that reassortment between a previously circulating human IAV of the H1 subtype and an avian IAV may have placed the human H1 HA into a novel background and given rise to the 1918 pandemic [16] .
Although reassortment is often associated with the emergence of IAV pandemic strains, it is likely not sufficient to give rise to highly fit, antigenically shifted variants. Indeed, experimental co-infection of pigs with swine IAVs of the precursor lineages to the 2009 pandemic strain did not yield a pandemic-like genotype at detectable levels [72] . In other experimental settings, mutations selected following reassortment have been shown to compensate for genetic incompatibilities and thereby increase fitness of reassortant viruses. For example, amino acid substitutions in HA were found to reduce HA-NA mismatch in human-avian reassortant viruses [73, 74] . Evidence of this phenomenon occurring in nature has also been reported in the context of intra-subtype reassortment of seasonal IAV [75] . Owing to the difficulty of detecting low-fitness precursors, and of differentiating adaptation to a new genetic context from adaptation to a new host, it is more challenging to demonstrate this phenomenon for pandemic IAV. Nevertheless, for a shifted virus to be evolutionarily successful, mutations are likely needed to ease segment mismatch that arises from the reassortment event.
Before discussing segment mismatch and its causes in more detail, we will briefly consider other factors that impact the frequency of reassortment. In addition to viral genetic compatibility, virus extrinsic factors, such as the timing and dose of infection, have been shown to impact reassortment outcomes by altering the likelihood of co-infection.
REASSORTMENT EFFICIENCY IN THE ABSENCE OF SEGMENT MISMATCH
Although multiple methods exist by which to evaluate IAV reassortment in the laboratory (reviewed in [76] ), studies regarding the circumstances that allow for robust reassortment are often confounded by segment mismatch. In order to examine the conditions that favour IAV reassortment and to determine a baseline frequency for this process, we developed a system that allowed IAV reassortment in the absence of segment mismatch. This system employed two influenza A/Panama/2007/99 (H3N2) [Pan/99] viruses that were phenotypically similar but genotypically distinct [77] . Up to six silent mutations were introduced into the open reading frames (ORF) of each of the eight Pan/99 segments of one virus and it was designated as variant, or VAR. These mutations did not alter the fitness of the virus detectably, but allowed for differentiation of the VAR virus from the wild-type (WT) Pan/99 virus using the post-PCR method high-resolution melt (HRM) analysis [78] . In this way, progeny viruses produced from WT/VAR co-infected cells could be genotyped in a streamlined fashion using HRM analysis, without the need for partial or full sequencing of virus isolates. Two different epitope tags were also introduced into the HA proteins of these viruses, to allow enumeration of infected and co-infected cells by flow cytometry. Because these two viruses were of the same strain background, the virus pairing was devoid of segment mismatch. Using this system, we showed that reassortment was highly efficient in cell culture under high-multiplicity conditions, with an average of 88 % of the analysed virus isolates containing a reassortant genome [77] . Additionally, we found that the frequency of reassortment was dosedependent, with higher levels of co-infection in vitro and higher inoculum dose in vivo resulting in increased reassortment. The observed dose dependency of reassortment was partly explained by Poisson statistics dictating the levels of co-infection; however, comparison to a computational simulation of co-infection and reassortment in cell culture indicated that reassortment was markedly more efficient than predicted based on random distribution of eight-segmented viruses into cells [79] . A combination of further modelling and experimentation revealed that the abundant reassortment observed could be explained by high levels of incomplete viral genomes within singly infected cells. In particular, the occurrence of incomplete genomes is thought to increase the proportion of productively infected cells that are co-infected [79] . With sequential infection, rather than co-infection, a delay of up to 8 h between the WT/VAR virus inoculations allowed for robust reassortment in vitro, while a delay of up to 12 h allowed for robust reassortment in vivo. However, further time delay between the WT/VAR virus inoculations led to markedly reduced levels of coinfected cells in cell culture, which prevented reassortment. In vivo, a delay of 24 h or more blocked productive infection by the second virus. Stripping of sialic acid receptors from infected cells by NA may contribute to the reduction in superinfection over time [80] . By excluding the limitations imposed by segment mismatch, this study demonstrated for the first time that reassortment is efficient both in vitro and in vivo, and that the timing and dose of infection strongly impact the likelihood of reassortment [77, 79, 81, 82] . Taken together, the above studies suggest that (i) virus extrinsic factors do not limit reassortment appreciably within a coinfected cell, and (ii) virus extrinsic factors such as timing and dose do, however, play a major role in determining the likelihood of co-infection at the levels of both the host and the individual cell.
SEGMENT MISMATCH
As described above, reassortment occurs frequently in the absence of RNA or protein mismatch. Additionally, numerous studies to date have demonstrated that reassortment is prevalent in nature, in both avian and swine hosts [83] [84] [85] [86] [87] [88] . However, early evidence suggested that reassortment of IAV genes was not random. In 1979, Lubeck et al. demonstrated that reassortment between influenza A/Puerto Rico/8/34 (H1N1) [PR8] and influenza A/Hong Kong/8/68 (H3N2) viruses resulted in some segments being randomly distributed, as expected, while other segments appeared to be linked, occurring together with a higher frequency than expected [41] . In particular, linkages between the polymerase gene segments PB2-PB1 and PB1-PA derived from the same parental virus were observed, suggesting that either (i) these genes interacted with each other during IAV packaging, or (ii) optimal protein-protein interactions occurred when these genes originated from the same parental strain, increasing the likelihood of detecting progeny viruses with these gene combinations [41] . Later, using statistical approaches, the non-random association of IAV genes during reassortment was confirmed [42, 89] . Similarly, multiple studies undertaken for risk assessment purposes have demonstrated that certain reassortants derived from (i) swine IAVs and human IAVs and (ii) avian IAVs and human IAVs have fitness defects when compared to the parental strains, suggesting incompatibilities between specific heterologous viral components [72, [90] [91] [92] [93] [94] [95] [96] . These incompatibilities underlie segment mismatch and can be categorized as either RNA mismatch or protein mismatch.
RNA mismatch RNA mismatch comprises incompatibilities between the viral RNAs (vRNAs) of two different IAV strains, and manifests at the packaging signal regions of IAV segments. Packaging signals direct the incorporation of the eight vRNAs into new virus particles. During reassortment, mixing of gene segments occurs, thus juxtaposing heterologous viral packaging signals.
IAV packaging
An IAV particle is only fully infectious if it contains one copy of each of the eight viral segments, as shown in Fig. 1 . For many years, the mechanism by which packaging of eight distinct segments was achieved remained under debate. It was thought that either (i) the packaging of the IAV genome was random, or (ii) the packaging of the IAV genome was a selective process. Random assembly would require a full infectious genome to be generated purely by chance and, with eight segments, the probability of this occurring is 1/416 [97] . A major argument in favour of a random packaging model was that observed PFU per particle ratios of IAV were low, in the range of 1/10 to 1/100 [98] [99] [100] . Furthermore, if virus particles are able to package nine or more segments, this would bring the probability of packaging the eight distinct segments needed to make an infectious virus into the range of observed PFU/particle values [97] . Some studies offered support for packaging of greater than eight segments per virion. Results of one such study showed that 3-5 % of analysed virions incorporated two different reporter versions of the same vRNA segment, and the authors estimated that IAVs must package 9 to 11 segments for this to occur by chance [101] . In another study, reverse genetics techniques were used to produce an IAV that required delivery of nine segments to a cell to initiate productive infection [97] . For these reasons, a model in which IAV randomly incorporated 9 to 11 vRNPs per particle was plausible.
However, strong evidence now suggests that a selective IAV packaging mechanism is at work. This evidence has been reviewed recently [102] . Briefly, studies in the 1970s revealed that the eight IAV gene segments were present in equimolar ratios in a virus population [103] and that most IAV plaque-forming units contained a single full set of segments [41, 104] . In addition, virus populations released from cells that contained unequal copy numbers of the eight segments were nevertheless found to carry equal copy numbers of the vRNAs [105, 106] . In subsequent years, fluorescence in situ hybridization analysis of vRNA composition in individual virions revealed that a majority of IAV particles contained eight distinct segments and packaged a single copy of any given gene [107] . In addition, two virus-like RNAs developed from the same vRNA species were shown to compete for packaging [108] , in agreement with previous studies demonstrating that defective interfering (DI) and standard segments of the same vRNA species compete for packaging [109] [110] [111] [112] . Taken together, these studies offered substantial support for a selective packaging mechanism and the existence of elements present in IAV viral ribonucleoprotein complexes (vRNPs) that allow for segment differentiation during packaging.
Packaging signals and segment interactions IAV packaging signals direct the incorporation of each IAV segment into assembling virus particles. These packaging signals have been found to be segment and strain specific and comprised of both untranslated region (UTR) and coding sequence at the 3¢ and 5¢ end of each segment. A study reported in 2003 represented the first description of a defined segment-specific packaging signal for IAV [113] . An influenza A/WSN/33 (H1N1) [WSN] NA construct was designed that contained GFP inserted in place of the NA coding region, flanked by 202 nt of the wild-type NA 3¢ end (UTR +183 nt coding region) and 185 nt of the wild-type NA 5¢ end (UTR +157 nt coding region). After serially passaging a virus containing this NA construct, it was demonstrated that this model NA segment was efficiently incorporated into virus particles over time. Subsequently, another construct identical to the first was designed except with the coding regions removed. In the absence of these coding nucleotides, the NA segment was no longer efficiently packaged, although it was still replicated [113] . Packaging signals have since been defined for the remaining seven WSN IAV segments and found to comprise similarly broad regions of the 3¢ and 5¢ termini [114] [115] [116] [117] [118] . A handful of studies also suggest that internal nucleotides outside the mapped termini may also contribute to packaging [119] [120] [121] . Additionally, the amino acid sequence of the viral nucleoprotein (NP) might play an important role in directing packaging of the IAV segments [122] . This NP amino acid code does not alter the role of packaging signals as previously described; rather, it may act in concert with the RNA-based packaging signals to instruct IAV segment bundling.
Elegant transmission electron microscopy studies have helped to visualize how the eight segments are arranged within a virus particle. By transversely sectioning viruses as they were budding off host cell membranes, Kawaoka and colleagues showed that IAV gene segments were arranged in a distinct '7+1' pattern, with seven segments in a circle surrounding one central segment as shown in Fig. 1 [123,  124 ]. An array of IAVs were tested in this manner, including human, swine and avian strains, and the same arrangement was observed for all strains tested. IAVs with spherical particles as well as filamentous particles were subsequently examined, with the same result [123] . Therefore, it is likely that this arrangement is consistent across all budding IAVs. To date, the identity of the segments in this '7+1' pattern remains unknown; however, using electron tomography and characterizing the segments based on length, it was shown via sectioning of IAV particles that the identity of the central segment was probably PB2, PB1, PA or HA [125] .
The observation that the location (but not necessarily segment order or identity) of vRNAs within a virion is consistent, at least during budding, raises the question: how are the segments being held in this position? The presence of electron density between vRNPs suggested the existence of direct contacts, both between segments in the outer '7+1' circle and between the central segment and outer segments [125] . Fournier et al. confirmed the presence of interactions between the segments via electron tomography, and also showed that these interactions are probably occurring between the packaging signal regions of the IAV segments as previously mapped, as the locations of the interactions overlapped with the earlier described terminal packaging signal locations for each segment [126] .
Packaging signal mismatch
Based on the majority of evidence gathered to date, a leading model of IAV genome packaging is that the vRNAs are arranged in a particular pattern during virion assembly and interact with each other via base-pairing interactions between adjacent packaging signal sequences. If sequencespecific RNA-RNA interactions mediate selective genome assembly as this model suggests, it follows that segment mismatch at the RNA level would result from nucleotide differences among IAV strains. During IAV evolution, the RNAs of a given virus strain evolve coordinately, leading to optimal interactions among segments (Fig. 2a, b) . When two divergent IAV strains undergo reassortment, the interactions between heterologous segments are expected to be less efficient since the precise sequences mediating these interactions might not be conserved (Fig. 2c) . These inefficient interactions between vRNAs could, in turn, disfavour the production of certain reassortant genotypes. Indeed, packaging signal mismatch has been shown to dictate reassortment outcomes [127] [128] [129] .
In an elegant series of experiments, Essere et al. showed that reassortment between influenza A/Moscow/10/99 (H3N2) and influenza A/Finch/England/2051/91 (H5N2) viruses resulted in strongly biased reassortment, with the H5 HA segment being unable to enter a H3N2 background [129] . However, when packaging signals from the H3 HA segment were grafted onto the H5 HA segment, this allowed for efficient incorporation of the H5 HA segment into a H3N2 background, demonstrating that packaging signal mismatch was inhibiting the formation of these reassortant progeny. Additionally, the incorporation of the H5 HA segment (with H5 packaging signals) could be achieved if accompanied by the H5N2 M segment, suggesting that the HA and M segments of this IAV strain interact at the level of genome assembly [129] .
Influenza A and B viruses co-circulate in humans but never undergo reassortment. The reason for this could be multifactorial, but Baker et al. showed that by grafting IAV packaging signals onto full-length influenza B virus HA or NA glycoproteins, reassortant viruses could be rescued that contained either the influenza B virus HA, NA or both in an IAV background [128] . Their study demonstrated that packaging signal divergence between influenza A and B viruses is at least partly responsible for the lack of intertypic reassortment in nature. Interestingly, this study also serves as an example of RNA incompatibility with protein compatibility, as full-length influenza B virus HA protein was able to functionally complement an HA-deficient IAV [128] .
Using a co-infection system based on Pan/99 WT and VAR viruses (described above), we recently examined the potential for packaging signal differences between seasonal H3N2 and pH1N1 viruses to shape reassortment outcomes. The advantage of this approach is that the co-infecting WT and VAR viruses are identical at the protein level, ensuring that biases in reassortment can be fully attributed to RNA sequence. Our data revealed that the presence of pH1N1 virus-derived packaging signals on the WT HA segment led to it being significantly under-represented in reassortant progeny viruses compared to a control virus that carried homologous Pan/99 packaging signals. These results confirmed the findings of Essere et al. that heterologous packaging signals on the HA segment can restrict reassortment and extended their observation to an H3N2/H1N1 virus pairing. However, when the NA and NS segments were analyzed in a similar manner, the presence of homologous versus heterologous packaging signals had no significant effect on packaging efficiency [127] . Therefore, this study suggests that the sensitivity to changes in packaging signal sequence may vary with segment.
Additionally, Gao and Palese successfully prevented IAV reassortment by rewiring the packaging signals of the HA and NS segments. Using the PR8 (H1N1) strain background, they grafted HA-specific packaging signals onto the NS segment and grafted NS-specific packaging signals onto the HA segment [130] . This first-generation chimeric virus was able to undergo reassortment with the wild-type virus. However, after the original packaging signal sequences in terminal regions of the ORFs were disrupted via silent mutation, the chimeric virus lost its ability to reassort with the wild-type virus. This study provides further evidence for the role of packaging signals in IAV reassortment.
Protein mismatch
Similar to vRNAs, the proteins of the same virus strain coevolve so that the interactions between them are optimal (Fig. 2a, b) . During reassortment, progeny viruses can form that are not severely affected by packaging signal mismatch, but encode proteins that are not compatible (Fig. 2c ). While RNA mismatch can limit the diversity of IAVs formed after a co-infection event, protein mismatch manifests only after the formation of progeny viruses, when the newly formed reassortants spread to new host cells (Fig. 3) . Fig. 2 . Reassortant influenza A viruses can have suboptimal RNA and/or protein interactions. During IAV evolution, the genomes and proteins of an individual strain co-evolve alongside one another, resulting in optimal interactions (a and b). During reassortment, the genomes of the two co-infecting strains are mixed. This can result in suboptimal interactions between the genomic segments and/or encoded proteins, leading to viruses that are less fit compared to the parental strains (c).
PB2-PB1-PA-NP mismatch
White and Lowen, Journal of General Virology 2018; 99:3-16 shown to be restricted by incompatibilities between the subunits comprising the vRNP complex (PB2, PB1, PA and NP) [131] . The combination of Prague PB2, Prague PB1 and Yokohama PA resulted in the inability of the three subunits to form the heterotrimer necessary for IAV transcription and replication. Compensatory mutations in PB2 and/or PA allowed for increased replicative activity, suggesting that low activity of chimeric RNP complexes can be a limiting factor in IAV reassortment. Hatta but were unable to generate viruses containing only the PB1 and PA genes of Mem/88 in a Mal/NY background, demonstrating the incompatibility of polymerase subunits between these two virus strains [132] .
Similar studies have been undertaken utilizing viruses of the pH1N1 lineage in combination with heterologous IAV strains. In two such studies, reassortant viral polymerase complexes were generated and polymerase activity was compared to that of the wild-type polymerase complex [133, 134] . Resulting data independently showed that (i) the combination of pH1N1 PB2 and seasonal H1N1 (sH1N1) PB1 significantly reduced polymerase activity, and that a compensatory mutation in the sH1N1 PB1 could help . The interactions that occur between segments, most likely at the packaging signal regions (dotted lines between coloured rectangles), might be optimal when segments originate from the same parental virus, thus facilitating packaging. Conversely, these interactions might be suboptimal or non-existent (black x's) between heterologous segments due to nucleotide differences, and thus formation of these progeny genotypes would be restricted due to RNA mismatch. Protein mismatch manifests later, after reassortant viruses have budded from the host cell and go on to infect new cells. Incompatibilities between polymerase subunits or HA-NA proteins, among others, can prevent the successful formation of progeny viruses, resulting in an abortive infection. Proteins and RNAs are shown with the same colour for clarity; however, in co-infected cells, proteins derived from co-infecting viruses are thought to mix. -16 alleviate this mismatch; and (ii) replacing the pH1N1 PB2 or PB1 was less detrimental to polymerase activity than replacing the pH1N1 PA. Our own data on reassortment between pH1N1 and seasonal H3N2 viruses similarly revealed that replacement of the pH1N1 PA with that of the H3N2 virus was strongly disfavoured. In particular, minireplicon studies and reassortment patterns indicated the pH1N1 PB2 required the cognate PA to support high polymerase activity and virus viability [69] . Co-assortment of PB2 and PA of pH1N1 was also noted by Schrauwen et al. [70] . Finally, an in-depth analysis of the heterologous PB2 pH1N1 :PA H3N2 pairing revealed that the defect lied in impaired replication-initiation relative to the full pH1N1 polymerase complex, and that this phenotype mapped largely to PA H3N2 residues 184N and 383N [135] . Overall, these data suggest that reassortment between various IAV lineages is limited by polymerase subunit mismatch.
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HA-NA mismatch
Another common example of protein incompatibility is between the functions of the HA (receptor-binding) and NA (receptor-destroying) IAV glycoproteins. The function of these proteins must be balanced in order for incoming virus to attach to host cells and be successfully released at the end of the viral life cycle [136] . A substantial body of literature indicates that, when these proteins are in imbalance, viruses exhibit fitness defects. Some examples of this literature follow. Studies performed with influenza A/USSR/90/ 77 (H1N1) [USSR] showed that reassortant viruses containing the USSR NA gene and HA genes of H3, H4, H10 or H13 subtypes exhibited extensive virion aggregation, and that treatment with a bacterial neuraminidase was able to irreversibly dissociate these virion clumps [137, 138] . A subsequent study suggested that the USSR NA gene was essentially non-functional in both the reassortant and parental strains and, in the reassortant viruses, this functional defect could be compensated for by mutations in the HA segment which led to decreased sialic acid affinity [73] . In the same study discussed above in the context of polymerase mismatch, Hatta et al. were able to generate viruses containing the HA and NA genes from Mem/88 (H3N2) in a Mal/NY (H2N2) background, but were unable to generate viruses containing only the HA or the NA gene from Mem/88, demonstrating the importance of having a functional balance between HA and NA genes for successful IAV replication [132] . Castrucci and Kawaoka generated a mutant WSN (H1N1) virus that had a 24-amino acid deletion in the NA stalk, which rendered the virus unable to replicate in embryonated chicken eggs due to defective NA function [139] . However, passage of this mutant virus in eggs resulted in egg-adapted viruses which were able to replicate efficiently. Half of these adapted viruses displayed reduced affinity for sialic acid residues when compared to the parental virus, and analysis of the HA gene sequence of one of these viruses revealed mutations near the receptor binding site [140] . Thus, reduction in HA affinity was found to compensate for low NA activity. These findings underscore the importance of balanced HA-NA function for viral fitness and highlight the role of mutation in correcting functional imbalances.
NS-vRNP mismatch
A third example of protein mismatch involves gene products of the IAV NS segment in combination with the vRNP components. The NS segment encodes two proteins: the non-structural protein 1 (NS1) and the non-structural protein 2 (NS2). NS1 allows IAV to evade the host antiviral response by delaying the onset of interferon production [141] . NS2, also referred to as the nuclear export protein (NEP), interacts with nucleoporins in the host cell nuclear membrane, enabling IAV vRNPs to exit the nucleus [142] . In addition to these classical roles, it has also been shown that both NS proteins influence viral transcription and replication. For example, the addition of NS2 to vRNP reconstitution assays alters the relative accumulation of mRNA, cRNA and vRNA, resulting in a shift towards replication products (vRNA and cRNA) and away from transcription products (mRNA) [143] . Additionally, co-immunoprecipitation assays have revealed that NS1 interacts physically with vRNPs [144, 145] , while genetic approaches suggest a role in the regulation of vRNA production [146] . NS1 also contributes to control of viral gene expression by enhancing the translation of viral proteins [147] [148] [149] . [150] , demonstrating how a heterologous NS segment can alter the efficiency of viral RNA synthesis. Subsequent RNP reconstitution assays suggested that the NS1 protein, in concert with other host or viral factors, was responsible for the observed differences in RNA accumulation.
NS1 can bind to cleavage and polyadenylation specificity factor 30 (CPSF30), a cellular factor involved in processing the 3' ends of cellular pre-mRNAs [151] [152] [153] . The IAV polymerase complex (PB2, PB1, PA and NP) was shown to stabilize the binding of NS1 to CPSF30 and, furthermore, PA and NP were responsible for mediating this stability [154] . Interestingly, this stabilization could only be achieved with homologous NS1-polymerase components; the polymerase complex of influenza A/Udorn/ 307/72 (H3N2) virus was unable to stabilize a NS1-CPSF30 complex containing an influenza A/Hong Kong/ 483/97 (H5N1) virus NS1 protein, and vice versa [154, 155] . As successful binding of NS1 to CPSF30 is important for helping control the production of interferon by the host cell, mismatch between NS1 and specific vRNP components can lead to inadequate control of the host immune response in IAV-infected cells. To examine the fitness of viruses encoding heterologous vRNP and NS proteins, Shelton et al. rescued viruses containing PB2/PB1/PA/NP from a pH1N1 virus and an NS segment from either pH1N1, PR8 (H1N1) or influenza A/ England/612/2003 (H3N2) viruses. Experiments in A549 cells showed that the viruses containing either heterologous NS produced less vRNA at 7 and 24 h post-infection compared to the virus containing the homologous NS segment [156] . The observed differences in vRNA production could potentially be mediated through either NS1 or NEP function (or both). The authors suggest NS1, since the homologous NS1 lacks the ability to bind to CPSF30. While this inability to bind CPSF30 would lessen control of interferon production by the host cell, the authors argue it could also lead to an increase in polymerase function and therefore an increase in vRNA levels. Additionally, in mice, the virus with the homologous NS produced the most weight loss, the highest viral load and greatest interferon-b production. These results suggest that NS-vRNP mismatch can lessen virulence by reducing replicative fitness [156] . Taken together, mismatch between NS and vRNP components can alter essential viral processes, control of host immune responses and ultimately decrease the fitness of reassortant progeny.
Additional remarks
Owing to the large number of physical and functional interactions among viral proteins that are critical for maintaining viral fitness, and the diversity of amino acid sequences represented in circulating IAVs, protein mismatch is a complex phenomenon. Although much progress has been made in characterizing mismatch between heterologous viral proteins, results are often seen to depend on the parental strain pairing. While this reality makes predictions of protein compatibility for a given pair of parental strains extremely challenging, documentation of mismatch in reassortant viruses remains a useful tool for deciphering functional interactions occurring throughout the viral life cycle. In other words, where incompatibilities occur, interactions can be detected. Although the same mismatch may not be apparent with a different pairing of parental viruses, the functional interaction identified is likely to be broadly conserved.
ADVANTAGES OF REASSORTMENT BETWEEN HETEROLOGOUS IAVS
Although often constrained by segment mismatch, reassortment can also facilitate host adaptation, an increase in host range or evasion from pre-existing immunity [157, 158] . Most notably, reassortant viruses that derive a subset of gene segments from non-human hosts were seen to cause the last three pandemics. In this natural situation, post-reassortment adaptive changes were likely needed to achieve high fitness. In addition, however, multiple experimental studies using avian plus human, swine plus human or human plus human IAV strains have demonstrated that, even though some reassortant viruses displayed relatively low fitness, others exhibited high levels of genetic compatibility and increased pathogenicity or transmissibility when compared to the parental strains in model systems [70, [159] [160] [161] [162] [163] .
Multiple risk assessment studies to date in the mouse model have demonstrated an increase in IAV virulence following reassortment. For example, incorporation of the PB1 gene from an avian H5N1 virus into a background of human H3N2 internal genes led to increased pathogenicity [92] . Based on these results, and the derivation of the PB1 segment from avian IAVs in the 1957 and 1968 pandemic strains, the authors postulated that acquisition of an avian PB1 gene by a human IAV might allow for the reassortant to outcompete currently circulating IAVs [20, 92] . In a panel of H5N1 subtype reassortants where each contained one internal H9N2 gene, viruses containing the H9N2 PB2 gene were attenuated in mice compared to the parental virus strains, while viruses containing the H9N2 PA or NP genes were 100 % lethal in mice [164] . Strikingly, none of the other viruses tested, including the parental strains, caused any mortality. Furthermore, the presence of the H9N2 PA or NP gene conferred a wider tissue tropism in mice and an increase in polymerase activity, while the presence of the H9N2 PB2 gene resulted in a decrease in polymerase activity. Ma et al. rescued a H7N1 virus containing a H5N1 NS gene and showed that the reassortant virus could replicate more effectively in cell culture than the wild-type H7N1 virus [165] . Additionally, the reassortant virus caused morbidity and mortality in mice, while the wild-type virus was unable to successfully replicate in mice. These data highlight how segment mismatch can limit the fitness of certain reassortant genotypes while other combinations of heterologous segments can confer an advantage in replication or tissue tropism.
Two additional reverse genetics-based risk assessment studies examined the fitness of pH1N1 and H5N1 reassortant viruses. Cline et al. demonstrated that a pH1N1 virus containing a H5N1 HA gene was able to replicate more efficiently than both the parental viruses and all other reassortant viruses tested in MDCK and A549 cells [166] . In addition, mice infected with the H5 HA-containing virus exhibited increased pulmonary disease compared to mice infected with either parental strain, but this virus failed to transmit in a ferret model. Generating 127 reassortant viruses between a pH1N1 isolate and a highly pathogenic H5N1 strain, Zhang et al. identified single gene reassortants that conferred aerosol transmission in a guinea pig model to the contact-transmissible H5N1 virus [167] . Both the pH1N1 PA and NS genes were individually found to allow for respiratory droplet transmission of H5N1 subtype reassortants in guinea pigs.
Taken together, these data offer examples of the wide array of effects a single reassortment event can have on factors such as virus growth, cell tropism, host range, immune evasion and transmissibility. While segment mismatch often hinders the assembly or subsequent spread of certain reassortant genotypes (Fig. 3) , these constraints can sometimes be minimal, enabling the successful evolution of IAV under selective pressure. Importantly, the impact of segment mismatch on IAV reassortment is determined not only by the degree of RNA-and protein-based incompatibilities present between two co-infecting strains, but also by the surrounding host and environmental conditions, which define the selective environment.
CONCLUSIONS
When two divergent IAVs co-infect the same cell, the genetic diversity and fitness of reassortant progeny are limited by segment mismatch, or the incompatibilities between heterologous components of parental virus strains. While segment mismatch imposes barriers to reassortment, in some genetic constellations the detrimental effects associated with segment mismatch might be offset by enhancements in immune evasion or host adaptation of the reassortant virus. Due to the complexity of reassortant virus fitness, the models and experimental conditions used successfully for one study might prove suboptimal for the next. Further studies are therefore needed to more systematically document the underlying mechanisms of segment mismatch. A point of particular interest is the relative contributions of RNA and protein mismatch in determining the outcomes of reassortment between divergent IAV strains. This distinction is important because, once greater mechanistic understanding of IAV genome packaging is achieved, mapping of mismatches among RNA-based packaging signals may allow sequence-based prediction of compatible gene constellations. These studies will yield important contributions towards IAV pandemic preparedness and strengthen efforts to predict and control zoonotic outbreaks.
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